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Introduction {#jdi12446-sec-0001}
============

It is well known that patients with type 2 diabetes mellitus are at increased risk of cardiovascular (CV) disease. Elevated plasma glucose levels lead to increased CV risk combined with associated comorbidities, such as obesity, hypertension and dyslipidemia. Incretin‐based therapy, such as glucagon‐like peptide‐1 (GLP‐1) receptor agonists (RA) and dipeptidyl peptidase‐4 inhibitors (DPP‐4i), have been widely used in clinical practice. Incretin‐based therapy is expected to provide CV benefits because of its amelioration of fasting and postprandial hyperglycemia without hypoglycemia or bodyweight gain[1](#jdi12446-bib-0001){ref-type="ref"}, [2](#jdi12446-bib-0002){ref-type="ref"}. Furthermore, lipid‐lowering and hypotensive effects were reported[3](#jdi12446-bib-0003){ref-type="ref"}, [4](#jdi12446-bib-0004){ref-type="ref"}, [5](#jdi12446-bib-0005){ref-type="ref"}. There have been a number of animal studies showing that GLP‐1RA (GLP‐1 receptor agonists) or DPP‐4i exert an anti‐atherosclerotic effect in hypercholestetolemic mice[6](#jdi12446-bib-0006){ref-type="ref"}, [7](#jdi12446-bib-0007){ref-type="ref"}, [8](#jdi12446-bib-0008){ref-type="ref"}, [9](#jdi12446-bib-0009){ref-type="ref"}, [10](#jdi12446-bib-0010){ref-type="ref"}, [11](#jdi12446-bib-0011){ref-type="ref"}, [12](#jdi12446-bib-0012){ref-type="ref"}. Because these mice are not diabetic, direct prevention of the effect of GLP‐1RA or DPP‐4i on atherosclerosis beyond glucose has been implicated. Unlike animal studies, recent clinical trials have failed to show a favorable effect of DPP‐4i on the suppression of CV outcomes in type 2 diabetic patients[13](#jdi12446-bib-0013){ref-type="ref"}, [14](#jdi12446-bib-0014){ref-type="ref"}, [15](#jdi12446-bib-0015){ref-type="ref"}. However, the majority of subjects enrolled in these trials already had CV diseases and were being treated with cardioprotective drugs, such as statins. Additionally, the observation periods were only a few years, which make the evaluation of the anti‐atherogenic potential of DPP‐4 inhibitors difficult, especially in the early stages of atherosclerosis. In the present mini‐review, we introduce representative animal studies, including our own study, implicating the favorable effects of GLP‐1, glucose‐dependent insulinotropic polypepide (GIP) and DPP‐4i on atherosclerosis.

GLP‐1 and GIP Prevent the Development of Atherosclerosis in Apolipoprotein E Knockout Mice {#jdi12446-sec-0002}
==========================================================================================

Arakawa *et al*.[16](#jdi12446-bib-0016){ref-type="ref"} reported for the first time that exendin(Ex)‐4, a GLP‐1RA, reduced monocyte adhesion to the endothelium of aorta and suppressed atherosclerotic lesions in apolipoprotein E knockout (*Apoe* ^−/−^) mice. Our group subsequently reported that chronic infusion of native GLP‐1 significantly suppressed atherosclerotic lesions and macrophage infiltration in the aortic wall in *Apoe* ^−/−^ mice[17](#jdi12446-bib-0017){ref-type="ref"}. These effects were cancelled by co‐infusions with a specific antagonist for GLP‐1 receptors, including Exendin (9‐39; Ex‐9). Surprisingly, the infusion of native GIP also suppressed the development of atherosclerotic lesions in *Apoe* ^−/−^ mice as potently as GLP‐1 infusion[17](#jdi12446-bib-0017){ref-type="ref"}, [18](#jdi12446-bib-0018){ref-type="ref"}. This suppression was completely reversed by co‐infusions with a specific antagonist for GIP receptors, Pro(3)GIP. These results suggest that both native incretins confer an anti‐atherosclerotic effect through their own receptors. Gaspari *et al*.[19](#jdi12446-bib-0019){ref-type="ref"} reported that a GLP‐1RA, liraglutide, inhibited the progression of early onset, low‐burden atherosclerotic disease in the *Apoe* ^−/−^ mouse mode, whereas no significant effect of liraglutide on the progression of late onset, high‐burden atherosclerotic disease was observed. That study might reasonably explain why incretin‐based therapy failed to prevent secondary events in diabetic patients premorbid for CV diseases.

Anti‐Atherogenic Effect of DPP‐4i Inhibitors is Mainly Incretin‐Dependent {#jdi12446-sec-0003}
=========================================================================

Given that GLP‐1 and GIP both have anti‐atherosclerotic effects, increases in both active GLP‐1 and GIP by DPP‐4i might synergistically suppress the development of atherosclerosis. Indeed, a number of publications have shown that DPP‐4i powerfully suppresses the development of atherosclerotic lesions in *Apoe* ^−/−^ mice[6](#jdi12446-bib-0006){ref-type="ref"}, [7](#jdi12446-bib-0007){ref-type="ref"}, [8](#jdi12446-bib-0008){ref-type="ref"}, [9](#jdi12446-bib-0009){ref-type="ref"}, [10](#jdi12446-bib-0010){ref-type="ref"}, [11](#jdi12446-bib-0011){ref-type="ref"}. Endogenous GLP‐1 levels are increased by just two‐ to threefold by DPP‐4i; however, the suppressive effect of DPP‐4i on atherosclerotic lesions was comparable with that of liraglutide, providing a much higher concentration of GLP‐1 in the blood[20](#jdi12446-bib-0020){ref-type="ref"}. Therefore, increased GIP might participate in the anti‐atherogenic effects of DPP‐4i. It remains unknown, however, whether this anti‐atherogenic property of DPP‐4i can be credited to higher endogenous levels of the active incretins GLP‐1 and GIP. We attempted to determine whether the anti‐atherogenic property of DPP‐4 inhibitor is derived from increased levels of the endogenous active incretins GLP‐1 and GIP or from other mechanisms. To achieve this, we administered GLP‐1 and GIP receptor antagonists to *Apoe* ^−/−^ mice that were simultaneously treated with DPP‐4i, and examined how an incretin receptor blockade attenuated the anti‐atherosclerotic effect of the DPP‐4 inhibitor. The two receptor blockers in combination completely abolished the anti‐atherosclerotic effect of vildagliptin in non‐diabetic mice[10](#jdi12446-bib-0010){ref-type="ref"}. We subsequently attempted the same experiment in streptozotocin‐induced diabetic *Apoe* ^−/−^ mice showing further‐progressed atherosclerotic lesions. Unlike non‐diabetic *Apoe* ^−/−^ mice, infusions with dual antagonists incompletely abolish the suppressive effect of vildagliptin on atherosclerosis, implying that vildagliptin partly confers an anti‐atherogenic effect beyond that from the incretins in the diabetic animals[10](#jdi12446-bib-0010){ref-type="ref"}. We estimated that incretin‐dependent and incretin‐independent mechanisms equally contributed to the anti‐atherosclerotic effect of vildagliptin in the diabetic *Apoe* ^−/−^ mice. As we will mention later, much attention has been given to the new hypothesis that DPP‐4is confer anti‐atherogenic effects by blocking the pro‐inflammatory and pro‐atherogenic properties of DPP‐4/CD26. We speculate that vascular inflammation is largely enhanced in diabetic *Apoe* ^−/−^ mice; thus, vildagliptin could show remarkable anti‐inflammatory effects, particularly in diabetic mice, beyond the action of incretins.

Incretins and DPP‐4 Inhibitors Suppress Neointimal Hyperplasia in Experimental Restenosis Models {#jdi12446-sec-0004}
================================================================================================

As previously mentioned, the anti‐atherogenic effects of GLP‐1, GIP and DPP‐4 inhibitors are supported by *in vivo* and *in vitro* studies, and these findings have raised a new question as to whether incretins and DPP‐4 inhibitors can protect against other vascular diseases. Restenosis is an exaggerated healing process that arises after arterial interventions, such as percutaneous coronary angioplasty with or without stenting, and leads to decreased blood flow by luminal narrowing[21](#jdi12446-bib-0021){ref-type="ref"}, ultimately requiring an additional intervention. The development of restenosis is mainly attributed to the hyperplasia of regenerated intima, which is known as neointima, and consists of vascular smooth muscle cells and extracellular matrix. Although the pathology of neointimal hyperplasia is different from that of atherosclerotic plaque formation, there are a number of similarities in their mechanisms. Among the mechanisms involved, the migration and proliferation of vascular smooth muscle cells (VSMCs) have been shown to play an important role[22](#jdi12446-bib-0022){ref-type="ref"}. Because GLP‐1 and GIP receptors are expressed abundantly in VSMCs, researchers have focused on the effects of incretins and DPP‐4 inhibitors on restenosis. Denudation of the endothelium and apoptosis of medial VSMCs by the mechanical stress of arterial interventions is the initiating event in neointimal formation. In preclinical restenosis models, these events are induced by withdrawing an inflated balloon catheter from the rat carotid artery or by inserting a guidewire into the mouse femoral artery[23](#jdi12446-bib-0023){ref-type="ref"}, [24](#jdi12446-bib-0024){ref-type="ref"}. These models are useful to evaluate therapeutic effects on restenosis because of their resemblance to the pathological characteristics of restenosis in humans.

In wild‐type mice, exendin‐4(Ex‐4), a GLP‐1 receptor agonist, reduces neointimal hyperplasia after femoral artery wire injury without affecting the metabolic parameters, including glucose tolerability[25](#jdi12446-bib-0025){ref-type="ref"}, [26](#jdi12446-bib-0026){ref-type="ref"}. Similarly, Ex‐4 showed a protective effect against neointimal hyperplasia with reduced VSMC proliferation in a rat model of restenosis[27](#jdi12446-bib-0027){ref-type="ref"}. Furthermore, *in vitro* studies show supportive data that Ex‐4 suppressed rat VSMC proliferation stimulated by platelet‐derived growth factor. This effect of Ex‐4 was completely canceled by the co‐administration of a protein kinase A (PKA) inhibitor[26](#jdi12446-bib-0026){ref-type="ref"}, suggesting that the GLP‐1 receptor‐cAMP‐PKA pathway is involved in the suppression of neointimal hyperplasia. DPP‐4 inhibitors have also been investigated using experimental restenosis models. In wild‐type mice, linagliptin suppresses neointimal hyperplasia after an arterial injury[28](#jdi12446-bib-0028){ref-type="ref"}. In addition, the effect of DPP‐4is was examined in Otsuka Long‐Evans Tokushima fatty rats, which is a model of type 2 diabetes with insulin resistance[29](#jdi12446-bib-0029){ref-type="ref"}. In that study, sitagliptin significantly improved glucose tolerability and suppressed neointimal hyperplasia after a carotid artery balloon injury in a dose‐dependent manner. This effect was accompanied with reduced cell proliferation and increased cell apoptosis in the neointima. Furthermore, sitagliptin reduced VSMC proliferation and migration *in vitro*, showing that the inhibition of DPP‐4 activity directly affects VSMCs, independent of the increased activity of incretins or other bioactive peptides. We investigated the effect of GIP on restenosis in a mouse model. GIP treatment significantly suppressed neointimal hyperplasia accompanied with reduced cell proliferation in the neointima compared with vehicle. In accordance with the *in vivo* findings, GIP suppressed VSMC proliferation stimulated by platelet‐derived growth factor *in vitro*, showing the possibility that the suppression of neointimal hyperplasia is attributed to the direct effects of GIP on VSMCs. Those studies and our data show that an incretin‐based therapy would be a novel and beneficial therapeutic approach for the treatment of arterial restenosis.

DPP‐4i Suppresses Atherosclerotic Lesions in the Aorta and Coronary Arteries by Decreasing Macrophage Infiltration in Cholesterol‐Fed Rabbits {#jdi12446-sec-0005}
=============================================================================================================================================

It remains unknown whether DPP‐4is exert anti‐atherogenic effects in coronary arteries and the aorta. Rabbits are bigger than rodents, and several earlier publications have shown that hypercholesterolemic rabbits develop severe atherosclerotic lesions in their coronary arteries[30](#jdi12446-bib-0030){ref-type="ref"}, [31](#jdi12446-bib-0031){ref-type="ref"}. We examined the effect of anagliptin, a DPP‐4i, on atherosclerosis development in the aorta and coronary arteries in high‐cholesterol diet‐fed rabbits. Dietary cholesterol intake markedly increased the serum total cholesterol levels, and the most striking increase was observed in a major lipoprotein, very low‐density lipoprotein. Anagliptin slightly decreased both total cholesterol and very low‐density lipoprotein cholesterol, as well as the cholesterol absorption markers sitosterol and campesterol, although not significantly. Severe hypercholesterolemia resulted in the development of atherosclerosis in the aorta. Anagliptin remarkably suppressed aortic atherosclerosis, which was comparable with the suppression observed in *Apoe* ^−/−^ mice. Atherosclerotic lesions were clearly observed in the coronary arteries, where the mean intima‐media area was enlarged and intimal formation developed. Anagliptin treatment attenuated the intima‐media area and the intimal area. Alpha‐SMA (smooth muscle actin)‐positive and macrophage‐positive areas in the coronary arteries were remarkably suppressed after anagliptin treatment. The aortic lesion ratio and the coronary intima area were correlated with each other, and each lesion correlated with total cholesterol in whole cholesterol‐fed rabbits. Gene expression of the pro‐inflammatory cytokines, tumor necrosis factor (TNF)‐αand interleukin (IL)‐6 in the carotid arteries were markedly reduced, and vascular DPP‐4 activity was reduced after anagliptin treatment. Because the rabbits were not diabetic and anagliptin treatment did not affect glucose metabolism, the anti‐atherosclerotic effect of anagliptin could be attributed to the pleiotropic effect of DPP‐4is beyond their glucose‐lowering effect. Vittone *et al*.[32](#jdi12446-bib-0032){ref-type="ref"} reported that sitagliptin treatment did not reduce the atherosclerotic lesion area in *Apoe* ^−/−^ mice, although macrophage infiltration into the plaque was significantly suppressed. Ta *et al*.[6](#jdi12446-bib-0006){ref-type="ref"} reported that alogliptin suppressed aortic plaque formation in diabetic *Apoe* ^−/−^ mice, but not in non‐diabetic *Apoe* ^−/−^ mice. These results might be based on the technical difficulty of measuring vessel lesions in small animals. The merit of using rabbits for atherosclerosis models is that atherosclerotic lesions in the aorta are easily visible without special staining. This simple approach for the identification of atherosclerotic lesions convinced us of a powerful anti‐atherosclerotic effect of the DPP‐4i. Nader *et al*.[33](#jdi12446-bib-0033){ref-type="ref"} recently reported that sitagliptin suppressed atherosclerotic lesion development in 0.5% cholesterol and 1% methionine‐fed rabbits, which is in good agreement with our results, and suggests that the anti‐atherosclerotic effect of DPP‐4i is applicable to animals that are bigger than rodents.

Incretins and the DPP‐4i Independently Suppress the Expression of Pro‐Inflammatory Genes in Monocytes/Macrophages {#jdi12446-sec-0006}
=================================================================================================================

Atherosclerosis is a chronic inflammatory disease in the vasculature, and monocytes/macrophages play a crucial role in atherogenesis. It has been hypothesized that DPP‐4, which is known as CD26, is an inflammatory cytokine that is involved in atherosclerosis; hence, DPP4i might suppress the progression of atherosclerosis by inhibiting CD26‐mediated inflammation[34](#jdi12446-bib-0034){ref-type="ref"}, [35](#jdi12446-bib-0035){ref-type="ref"}, [36](#jdi12446-bib-0036){ref-type="ref"}, [37](#jdi12446-bib-0037){ref-type="ref"}. Ikeda *et al*.[38](#jdi12446-bib-0038){ref-type="ref"} showed that soluble CD26 enhanced the expression of TNF‐a and IL‐6 messenger ribonucleic acid and protein in THP‐1 human monocytes In this context, the anti‐inflammatory effect of DPP4i would be totally incretin‐independent. Incretins exert their actions through their own receptors in various tissues, including pancreatic islets, and cyclic adenosine monophosphate (cAMP) acts as a second messenger of incretin receptors[39](#jdi12446-bib-0039){ref-type="ref"}. Panjwani *et al*.[40](#jdi12446-bib-0040){ref-type="ref"} reported that classical GLP‐1 receptors were not present in mouse macrophages, and doubted the anti‐atherogenic effect of GLP‐1 receptor agonists. We showed that the GLP‐1 receptor and GIP receptor genes were present in mouse and human monocytes, but were dramatically downregulated when differentiated to macrophages or foam cells[10](#jdi12446-bib-0010){ref-type="ref"}, [17](#jdi12446-bib-0017){ref-type="ref"}, [30](#jdi12446-bib-0030){ref-type="ref"}. Thus far, it remains to be elucidated whether incretins exert anti‐inflammatory actions through their own receptors in monocytes. We studied the direct anti‐inflammatory effect of incretins and DPP4i in cultured monocytes. In U937 human monocytes, the active form of the incretin receptor agonists, Ex‐4, GIP(1‐42), and D‐(Ala2)GIP, elicited cAMP generation, whereas the inactive form, GLP‐1(9‐36)amide and GIP (3‐42), did not, suggesting that the incretins\' signal enters monocytes through classical incretin receptors. 8‐Bromo‐cAMP (a cAMP mimetic) or forskolin (a cAMP stimulator) attenuated lipopolysaccharide (LPS)‐induced IL‐6 gene expression. Ex‐4 or GIP significantly suppressed the expression of IL‐1β and IL‐6 that was stimulated by LPS. The suppression with incretins were completely reversed by incretin receptor antagonists (Ex‐9 or \[Pro3\]GIP), an adenylate cyclase inhibitor (SQ22,536) or PKA inhibitor. Therefore, the anti‐inflammatory effect of incretins was mediated through the incretin receptors--cAMP--PKA pathway. Teneligliptin, a DPP‐4i, substantially suppressed the LPS‐induced gene expression of IL‐1β, IL‐6 and TNF‐α without affecting cell viability or proliferation. These results suggest that GLP‐1 and GIP have a similar anti‐inflammatory effect in human monocytes in a cAMP/PKA‐dependent‐manner, whereas DPP‐4i exerts an anti‐inflammatory effect independent of incretins. We compared the anti‐inflammatory effect between GIP, EX‐4 and teneligliptin at the same concentration. Teneligliptin more strongly suppressed the LPS‐induced gene expression of inflammatory molecules than incretins without affecting cell proliferation. Similar to DPP‐4i, the anti‐CD26 antibody or CD26 small inferring ribonucleic acid remarkably suppressed pro‐inflammatory cytokine expression. These results suggest that the anti‐inflammatory effect of teneligliptin is mediated by the inactivation of CD26. The mechanisms of the anti‐inflammatory effect of incretin‐related agents still remains largely unknown; however, experimental data have shown that GLP‐1 or DPP‐4 inhibitors could shift the polarization profile of macrophages from the M1 phenotype towards the M2 phenotype[41](#jdi12446-bib-0041){ref-type="ref"}, [42](#jdi12446-bib-0042){ref-type="ref"}. Further study is expected to elucidate the role of incretin‐related agents in macrophage differentiation.

Incretins Suppresses Foam Cell Formation in Monocytes/Macrophages {#jdi12446-sec-0007}
=================================================================

The development of atherosclerosis is influenced by abnormalities in cellular cholesterol homeostasis, which are shown by the subendothelial accumulation of lipid‐laden macrophage foam cells. The accumulated foam cells in the subendothelial space create a lipid‐rich plaque, which is the initial process of atherosclerosis[43](#jdi12446-bib-0043){ref-type="ref"}. Foam cell formation is regulated by several factors, including scavenger receptors, such as CD36[44](#jdi12446-bib-0044){ref-type="ref"}; acyl‐coenzyme A:cholesterol acyltransferase 1, a rate‐limiting enzyme for the esterification of cholesterol[46](#jdi12446-bib-0045){ref-type="ref"}; and free‐cholesterol efflux, which is mediated by adenosine triphosphate‐binding cassette transporter A1[45](#jdi12446-bib-0046){ref-type="ref"}. We focused on the effect of GIP with regard to the development of aortic atherosclerotic lesions and macrophage foam cell formation, as well as related molecules in mice. Mouse peritoneal macrophages were obtained from ascites by injection of thioglycolate. Foam cell formation was determined by the incorporation of (3H)‐oleate into cholesteryl‐oleate, which was stimulated by oxidized‐low‐density lipoprotein. We previously reported that the infusions of GLP‐1 and GIP for 4 weeks significantly suppressed foam cell formation in Apo E‐null mice[17](#jdi12446-bib-0017){ref-type="ref"}. Similar to Apo E null mice, GIP infusion for 4 weeks significantly suppressed foam cell formation in C57BL/6 mice. Co‐infusion with Pro3GIP abolished the suppressive effect of GIP on foam cell formation. Pro3GIP infusion alone significantly stimulated foam cell formation. We carried out a similar experiment using GIPR‐knockout mice that were a kind gift from Professor Yamada from Akita University. As expected, the suppressive effect of GIP on foam cell formation was not observed in the GIPR (GIP receptors)‐KO mice. GLP‐1 and GIP significantly stimulated adenosine triphosphate‐binding cassette transporter A1 expression, and suppressed acyl‐coenzyme A:cholesterol acyltransferase 1 and CD 36 expression in human monocyte‐derived macrophages[20](#jdi12446-bib-0020){ref-type="ref"}. Recently, Dai *et al*.[47](#jdi12446-bib-0047){ref-type="ref"} reported that DPP‐4i directly repress foam cell formation through the inhibition of CD36 and a scavenger receptor, LOX‐1. We confirmed the direct suppressive effect of DPP4i on foam cell formation in mouse peritoneal macrophages obtained from *db*/*db* diabetic mice. Foam cell formation is enhanced by the co‐presence of macrophage inflammation. Therefore, it is highly likely that the anti‐inflammatory property of incretin‐related agents is associated with the suppressive effect on macrophage foam cell formation.

Figure [1](#jdi12446-fig-0001){ref-type="fig"} shows the possible mechanisms of the anti‐atherosclerotic properties of incretin‐related agents based on animal studies. GLP‐1, GIP and DPP‐4 inhibitors all confer anti‐atherosclerotic effects in experimental animals through the suppression of inflammation and foam cell formation in monocytes/macrophages. Our studies strongly suggest that incretin‐related agents have favorable effects on atherosclerosis.

![Possible mechanisms of the exerted anti‐atherosclerotic properties of incretin‐related agents.](JDI-7-080-g001){#jdi12446-fig-0001}
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